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ABSTRACT A tridecamer oligodeoxynucleotide, d(A-A-T-
G-G-T-A-A-A-A-T-G-), which is complementary to reiterated
3'- and 5'-terminal nucleotides of Rous sarcoma virus 35S RNA,
is an efficient inhibitor of the translation of proteins specified
by the viral RNA in the wheat embryo cell-free system. The in-
hibition specificity for oncornavirus RNA is greater than for
rabbit reticulocyte mRNA or brome mosaic virus RNA. Other
oligodeoxynucleotides of similar size have little or no specific
effect on the RNA-directed translation. The tridecamer acts as
a primer for the avian myeloblastosis virus DNA polymerase
when Rous sarcoma virus heated 70S RNA is used as a template,
offering evidence that it can hybridize to the RNA. The possible
use of such an oligodeoxynucleotide hybridization competitor
to inhibit Rous sarcoma virus replication is described in the
preceding paper [Zamecnik, P. C. & Stephenson, M. L. (1978)
Proc. Nat] Acad. Sci. USA. 75,280-2841.

A sequence of 21 nucleotides immediately adjacent to the 3'-
terminal poly(A) in Rous sarcoma virus (RSV) 35S RNA has
been determined in these laboratories (1), and the same nu-
cleotide sequence has been found by others at the 5'-terminus
of the RNA (2). Thus, the genome RNA for this oncornavirus,
and as more recently determined for avian myeloblastosis virus
(AMV), is terminally redundant (3-8).
We are exploring the possibility that an oligodeoxynucleotide

[d(A-A-T-G-G-T-A-A-A-A-T-G-G)] that is complementary to
13 nucleotides of the reiterated terminal sequences of RSV, may
act as a competitive inhibitor of hybridization and interfere
with viral production and cell transformation. Likely sites of
action are (i) the circularization step of the proviral DNA in-
termediate, and (ii) the initiation of translation. Such a tri-
decamer [d(A-A-T-G-G-T-A-A-A-A-T-G-G)J has been syn-
thesized (Collaborative Research), and in the preceding paper
(9) we show that the production of RSV is inhibited when the
tridecamer is added to chick embryo fibroblast tissue cultures
infected with RSV.

This paper is concerned with the effect of the complemen-
tary oligodeoxynucleotide on the translation of heated RSV 70S
RNA in a cell-free wheat embryo system. We find that the
synthetic tridecamer serves as an efficient inhibitor of the
translation of denatured RSV 70S RNA and to a lesser extent
denatured AMV 70S RNA, which has a somewhat similar re-
iterated sequence. The inhibition is greater for oncornavirus
RNAs than for globin mRNA or brome mosaic virus (BMV)
RNA. In addition, several oligodeoxynucleotides of the same
size range have only a small effect on the translation stimulated
by any of the mRNAs. The tridecamer efficiently primes the
reaction catalyzed by AMV RNA-dependent DNA polymerase
(reverse transcriptase, EC 2.7.7.7) using RSV heated 70S or 35S
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RNA as template, thus supporting the assumption that it will
hybridize to regions on the viral RNA. It remains to be seen at
what point in viral protein synthesis the tridecamer is specifi-
cally interfering.

MATERIALS AND METHODS
Generous supplies of AMV, strain BAI from infected chick
plasma, and purified reverse transcriptase were supplied by
Joseph and Dorothy Beard through the courtesy of J. Gruber
of the Office of Resources and Logistics, National Cancer In-
stitute. Rous sarcoma virus, Prague strain C from infected tissue
cultures, was obtained via the same auspices from Eugene
Bernstein.
The tridecamer and blocked tridecamer (3'- and 5'-terminal

hydroxyl groups as phenylisourea derivatives) were synthesized
by John Hachmann, Collaborative Research, Inc. (9). Synthetic
nucleotides were obtained from Collaborative Research. La-
beled [3H]dTTP (50 Ci/mmol) and (35S]methionine (480 Ci/
mmol) were from New England Nuclear. Unlabeled nucleo-
tides were from Schwarz/Mann and the gel electrophoresis
reagents were from Bio-Rad.
The wheat germ was from General Mills though the courtesy

of W. C. Mailhot. Rabbit reticulocyte 9S RNA was a generous
gift from J. Gilbert. We are grateful to P. Kaesberg for the BMV
from which we extracted the total RNA.
RNA was isolated from AMV and RSV by phenol/sodium

dodecyl sulfate extraction of frozen virus pellets, using minor
modifications of our earlier procedure (10, 11). The RNA was
fractionated on sucrose/Sarkosyl gradients and the 70S RNA
was isolated. The 70S RNA was heated to 830 for 3 min and was
used as such (A 70S RNA) or in some cases further fractionated
on sucrose gradients to recover the 35S RNA (11). Total BMV
RNA was extracted as above from a virus suspension and was
not fractionated.
The wheat embryo protein-synthesizing system was essen-

tially that of Roberts and Paterson (12) and Davies and
Kaesberg (13), using a dialyzed 30,000 X g supernatant (see
Table 2 for details).
The viral reverse transcriptase assay was standard (14, 15)

using [3H]dTTP and unlabeled dATP, dGTP, and dCTP with
the viral RNAs as templates (see Table 1).

RESULTS
Ability of the tridecamer to prime the reaction
catalyzed by purified AMV reverse transcriptase using
high molecular weight viral RNA as template
The assumption that the synthetic tridecamer would hybridize
with the reiterated regions of the viral RNA is supported by our

Abbreviations: AMV, avian myeloblastosis virus; RSV, Rous sarcoma
virus; BMV, brome mosaic virus; A 70S RNA, 70S RNA heated to 830
for 3 min.
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Table 1. Effect of tridecamer and blocked tridecamer on capacity to prime AMV and RSV heated 70S RNA,
using purified reverse transcriptase

AMV A 70S RNA RSV A 70S RNA
(0.10 A260 unit) (0.10 A260 unit)

Amount, Control cpm- cpm- RSV/
Addition A260units cpm cpm control cpm control AMV

Control 710 500 3,800
560

Tridecamer 0.005 3,050 2,550 22,180 18,380 7.2
0.02 3,340 2,840 26,600 22,800 8.0
0.05 1,390 6,380 5,880 23,500 19,700 3.4

Blocked 0.005 1,810 1,310 7,600 3,800 2.9
tridecamer 0.020 3,410 2,910 10,600 6,800 2.3

0.050 1,430 4,400 3,900 16,300 12,500 3.2

(dT)1218 0.020 103,600 103,100 32,900 29,100 0.28
0.05 1,030 92,900 92,400 35,800 32,000 0.34

(dT)12_18 (A)n 0.0006 150,800

The viral reverse transcriptase assay and washing are similar to those used earlier (9, 14, 15) for different templates and primers. Each tube
contained 100 il, incubated for 90 min at 37°. The amounts of tridecamer and RNA templates were as indicated (1 A260 unit is the amount of
material giving an absorbance of 1 when dissolved in 1 ml and the light path is 1 cm); in addition, the mixture contained 1 mM each dATP, dGTP,
and dCTP, and [3H]dTTP (0.2 mM containing 3 X 106 cpm), plus 1 Al of viral reverse transcriptase (7000 units/ml) (15). Aliquots (50 Al) were
washed and measured for radioactivity (9).

finding that the tridecamer does act as a primer for purified
AMV reverse transcriptase, using both RSV and AMV A 70S
RNA or 35S RNA as template (Table 1). It is not surprising that
the tridecamer is 7-fold better as a primer with RSV RNA than
with AMV RNA as a template because it provides an uninter-
rupted sequence of 13 nucleotides for hybridization with RSV
RNA but only 10 nucleotides for AMV RNA. The 3'-terminal
sequence of AMV 35S RNA is similar to the reiterated sequence
of RSV as found by Stoll et al. (8) and Dennis Schwartz in our
laboratory (unpublished data). Stoll et al. have also demon-
strated that AMV RNA has a reiterated sequence at either end.
There are 3 nonhybridizing bases (two adjacent internal, one
3'-terminal) in the synthetic tridecamer DNA sequence com-
plement to RSV RNA when compared with the reiterated ter-
mini of AMV.
Effect of tridecamer and of blocked tridecamer on cell-
free translation

Inhibition of Translation of Oncornavirus High Molecular
Weight RNA by the Tridecamer. The synthetic tridecamer
inhibits translation of 70S A RNA of RSV and AMV in the wheat
embryo system (Table 2 and Fig. 1). Several experiments show
that the inhibition is concentration dependent. The tridecamer
inhibition is greater for RSV message translation than for AMV
translation. Marked inhibition occurs at a ratio of 0.005 A260
unit of tridecamer to 0.1 A260 unit of RSV RNA, and appre-
ciable inhibition is present at 0.0005 A260 unit of tridecamer.
At this lower level of tridecamer, the molar ratio of tridecamer
to 5'- plus 3'-complementary RSV 35S RNA sequences is around
2:1, and at 0.005 A260 unit of tridecamer, there is a 20-fold ex-
cess of tridecamer. Radioautographs of sodium dodecyl sul-
fate/polyacrylamide slab gel electrophoresis of labeled proteins
indicate inhibition of synthesis of most if not all of the labeled
proteins made in response to added viral RNA (Fig. 1).

Specificity of Inhibition by the Tridecamer. The tri-
decamer preferentially inhibits the translation by oncornaviral
RNAs. The translation of RNA isolated from rabbit reticulocytes
and from BMV RNA is inhibited by the tridecamer, but to a
lesser extent than inhibition of the oncornavirus RNA-stimu-
lated translation, and only at high ratios of tridecamer to RNA

(Table 2). At low ratios (0.0005 A260 unit of tridecamer to 0.10
A260 unit of RNA) there is no inhibition of the globin or BMV
RNA-stimulated incorporation. Table 2 indicates that there is
slight inhibition of the endogenous translation by the tridecamer
at high concentrations.
Comparison of Inhibition of Tridecamer with Other

Similar-Sized Oligodeoyyribonucleotides. Comparison with
two similar-sized oligodeoxyribonucleotides, (dG)12 18 and
(dC)Q2.18, indicates that they do not inhibit the translation at
a concentration level at which the tridecamer inhibits over 90%
of viral RNA-stimulated incorporation. This is shown in the
radiofluorogram of a gel in Fig. 1. In Fig. 1 comparison of bands
2, 5, 7, and 9 shows the specificity of tridecamer for inhibition
of protein synthesis due to dA 70S RNA, band 5 (tridecamer plus
A 70S RNA) indicating almost complete inhibition compared
with band 2 (A 70S RNA alone), while 7 and 9 indicate that the
presence of oligo(dG) or oligo(dC) has little effect on the protein
synthesized in response to A 70S AMV RNA (band 2). Two
mixed polymers of 8 and 10 deoxynucleotides of other defined
sequences (Table 2, compounds A and B) also failed to show the
degree of inhibition observed by the synthetic complementary
tridecamer.

Blocked tridecamer added to the wheat embryo system
stimulated by A 70S RNA is less inhibitory than the unblocked
tridecamer (not shown). This is not surprising, because the size
of the terminal blocking groups (i.e., the phenylisoureas) may
interfere with hybridization of the tridecamer on sites on the
viral mRNA (9).

DISCUSSION
Evidence in the preceding paper (9) indicates that addition of
the tridecamer to chick embryo fibroblast cells in culture in-
hibits production of RSV. The in vitro evidence presented here
(Table 1) of the ability of the tridecamer to prime oncornavirus
high molecular weight RNA, using purified reverse transcrip-
tase, indicates that the oligodeoxyribonucleotide is able to hy-
bridize with the viral RNAs, presumably on the 3' member of
the reiterated sequences. The tridecamer primes at least 7 times
more efficiently with RSV than AMV RNA. In the experiment
cited in Table 1, 0.1 A260 unit of the RSV 70S RNA was satu-
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Table 2. Effect of oligodeoxynucleotides on the translation of various RNAs in the wheat embryo system

AMV A 70S RNA RSV A 70S RNA Globin mRNA BMV RNA

Amount, Endogenous % cpm- % cpm - % cpm - % cpm- %
A260 units control inhib* control inhib* control inhib control inhib* control inhib*

5,800 16,100 15,000 41,500 303,200
7,100 15,300 12,500 39,700 294,900

Average 6,500 15,700 13,800 - 40,600 299,100
Tridecamert

0.05 4,500 31 1,100 93 200 99 21,500 47 109,500 63
0.005 5,400 17 6,700 57 1,600 88 30,400 25 209,500 30
0.0005 8,600 +32 14,200 10 10,100 27 39,300 3 297,500 0.5

Oligodeoxynucleotidest
A 0.04 10,900 +67 15,100 4 10,800 22 43,100 +6 313,700 +5

0.004 8,900 +40 14,800 6 12,300 11 41,500 +2 323,800 +8

B 0.03 8,900 +40 16,000 +2 5,800 58 27,400 33 291,600 3
0.003 8,000 +23 20,300 +29 13,300 4 38,300 6 319,200 +7

The translation assay was a slight modification of standard procedures (12,13) using a dialyzed S-30 (30,000 X g supernatant) wheat embryo
extract. Conditions are optimized for AMV A 70S RNA. When used together with RNA, all the oligodeoxyribonucleotides were preincubated
at 370 for 5 min in 20 ,l of 0.05 M KCl, then chilled to facilitate annealing. Each assay tube contained 50 IAl; 10 pAI was used for measurement
of radioactivity and the rest was used for gel electrophoresis. The incubation contained 0.10 A260 unit of the RNA, 2 mM ATP, 0.2 mM GTP,
10 mM creatine phosphate, 2.5 ,gg of creatine kinase, 4.1 mM magnesium acetate, 0.08 mM spermine, 1 mM dithiothreitol, 55 mM potassium
acetate, 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) buffer at pH 7.5,0.032mM of each amino acid except methionine,
0.70gM [35S]methionine (480 Ci/mmol), and 25 ,ul of dialyzed S-30. The cpm are of [35S]methionine incorporated into alkali-labile, trichloroacetic
acid-insoluble material following incubation at 300 for 60 min. After incubation, 250 ,ug of carrier albumin was added followed by 1.0 ml of 10%
trichloroacetic acid containing 1 mg of methionine per ml. The precipitate was centrifuged and the pellet was dissolved in 1 ml of 0.2 M NaOH
at 370 for 20 min to hydrolyze the RNA. Proteins were reprecipitated by the addition of 1 ml of 20% trichloroacetic acid with methionine as above.
The tubes were chilled 20 min and the precipitates were filtered onto a glass-fiber filter (GF/C), 25-mm diameter, using a Hirsch funnel. Proteins
were washed eight times with 10 ml of 5% trichloroacetic acid and once with 10 ml of 95% ethanol. The filters were dried, 75 ,ul of H20 plus 0.5
ml ofNCS solubilizer (Amersham/Searle) was added, and the mixtures were warmed to 600 for 1 hr. Ten milliliters of counting fluid was added
[toluene/0.3% 2,5-diphenyloxazole (PPO)/0.03% 1,4-bis[2(5-phenyloxazolyl)lbenzene (POPOP), Nuclear Chicago] and the radioactivities of
the samples were measured in a Nuclear Chicago scintillation counter.
* +, % stimulation over the control value.
t Tridecamer is d(A-A-T-G-G-T-A-A-A-A-T-G-G); A is d(G-G-A-A-T-T-C-C); B is d(C-C-A-A-G-C-T-T-G-G).

rated by the primer at 0.005 A260 unit or below, while the AMV
70S RNA was not saturated by 10 times as high a concentration
of primer. This is likely due to the uninterrupted comple-
mentarity of the tridecamer with RSV RNA, compared with
AMV RNA, which contains three nonhybridizing bases.

Table 1 also indicates that tridecamer blocked at both ends
(9) was 80% less efficient as a reverse transcriptase primer than
unblocked primer at the lowest concentration used. Higher
concentrations allowed more priming to take place. Such
priming could be due to loss of blocking agent during the in-
cubation or to the presence of small amounts of unblocked tri-
decamer in the preparation, which would have a free 3'-OH
at the 3' end of the molecule where priming is initiated. Because
no attempt was made to remove the 70S RNA-associated viral
tRNA, which is the natural primer, other than to heat to 830 for
3 min to disrupt the annealing, there is a small amount of
priming activity with the 70S RNA. In these experiments all
four deoxynucleoside triphosphates were used, one of which
([3H]dTTP) was labeled.

[a-32P]dATP was used by our colleague, Dennis Schwartz,
with RSV 35S RNA in similar experiments, also indicating good
priming to roughly the same extent (unpublished data).
The evidence of hybridization of the synthetic tridecamer

to the oncornaviral RNA supports the inference that such an-
nealing may inhibit virus-specified DNA integration into the
host DNA (9) or may interfere with translation of viral pro-
teins.
We have previously found (unpublished experiments) that

the wheat embryo system (12, 13) makes virus-specific proteins
in response to /v 70S RNA or 35S RNA as judged by the ap-
pearance of labeled proteins in antigen-antibody complexes.

On sodium dodecyl sulfate/polyacrylamide slab gel electro-
phoresis the [a5S]methionine-labeled proteins, though virus-
specified, do not correspond with the few proteins found in the
mature virion. This has been found by others using oncornavirus
RNAs in the wheat germ system. These proteins are of various
sizes (see Fig. 1, band 2 compared with 10). Whether this is due
to early termination, limiting elongation, aberrations in pro-
cessing, or the properties of the virion RNA itself is not yet
known. The system is capable of making globin in response to
reticulocyte globin mRNA (Fig. 1, band 3).

It remains to be determined whether this inhibition of
translation by the tridecamer is due to hybridization of tri-
decamer near potential initiation site(s) for viral protein syn-
thesis close to the 5' end of 35S RSV or AMV RNA, or to inter-
ference by structural effects on initiation sites farther from the
5' end. As for possible interference by preventing complexing
of mRNA to ribosomes, because the nucleotide sequence at the
3' end of 18S RNA differs markedly from a complement to the
tridecamer (20), the latter possibility does not appear likely.
There was a slight inhibition of globin synthesis by the tri-
decamer when globin message was used. This may be explained
by the fact that there is a partial sequence homology of the 3'
terminal region of globin mRNA and the 3'-terminal nucleo-
tides in RSV 35S RNA (1, 21).

Recent experiments (22) suggest that initiation may take
place at several sites on the viral RNA. It has not been resolved,
however, whether the sites are active within the intact viral
mRNA or whether there are separate mRNAs for the group-
specific antigen, polymerase, envelope, and sarcoma regions
of the genome. There are several reports (see ref. 22) of intra-
cellular virus-specific mRNA species of less than 35 S that are
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FIG. 1. Radiofluorogram of slab gel indicating inhibition by tri-

decamer of proteins synthesized in response to AMV A 70S RNA in

the' wheat embryo system. Sodium dodecyl sulfate (0.1%)/poly-

acrylamide (7-18%) slab gels (16 X 25 X 1.5 cm) of [35Sjmethionine-
labeled wheat embryo extract were run in the buffer system of

Laemmli (16) with the gradient modified by Gielkens et al. (17). The

enzyme assay conditions are given for Table 2. Aliquots (40,t1) of the

indicated incubation mix were applied in each well. Marker 14C-la-

beled purified AMV was prepared using [14C]formaldehyde by the

method of Rice and Means (18). Thirty micrograms of AMV con-

taining 1400 cpm was added in well 10. Where indicated the incuba-

tion mix contained 0.08 A260 unit of AMV A 70S RNA, tridecamer,

oligo(dC), and oligo(dG). Radiofluorograms were made of the gel (19),

exposed at -70' for 3 days. A photograph of the film is shown. The

major band of AMV in well 10 is the p27 structural protein.

apparently subsets of the 35S genomic RNA found in the ma-

ture avian tumor virus. The 70S RNA isolated from virions

contains predominantly 35S RNA genomic material, but in

addition we find there are smaller molecular weight RNAs that

have mRNA activity, producing virus-specified proteins in the

wheat embryo system.

The possible use of an oligodeoxynucleotide hybridization

competitor to inhibit oncogenic viral production offers a

mechanism of future chemotherapeutic potentiality, with
possibilities for both RNA and DNA oncogenic viruses, and for
other nonintegrating viruses as well.

It might also be possible to inhibit the translation of a specific
cell protein, if that were desirable. The inhibition of globin
synthesis might, for example, be useful in polycythemia
vera.
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